ABSTRACT Symbol boundary alignment, with respect to waveform selection, has an important impact on the numerology design for fifth-generation mobile applications. The current symbol boundary alignment, along with orthogonal frequency division multiplexing (OFDM) waveform, strongly suffers from intercarrier interference (ICI) especially in unmanned aerial vehicles (UAV) communications. This happens when the mobility causes Doppler effect which results in loss of orthogonality in OFDM. The available solutions for overcoming the ICI problem suffer from high complexity, low spectral efficiency, and incompatibility with the current radio access technologies. This paper presents a novel symbol boundary alignment, called Low ICI Symbol (LICIS) boundary alignment numerology, to avoid the disadvantages of the available solutions. LICIS utilizes large subcarrier-spacing to reduce the ICI power (e.g., around 5-dB ICI power reduction with subcarrier spacing of 30 kHz in high-speed UAV communications). Moreover, LICIS is based on the same reference clock as local thermal equilibrium (LTE) which guarantees its compatibility with the current LTE numerology. In addition, this approach places only one guard-interval at the end of a sequence of OFDM symbols and creates a subslot. This leads to less overhead and preserves the spectral efficiency. Furthermore, a pre-fast Fourier transform (FFT) multipath channel equalizer is considered for removing the intersymbol interference between the OFDM symbols occurring within the subslot. Only one additional FFT and IFFT operations are required for the equalizer which creates an acceptable complexity increment compared to the complexity of other available solutions. Numerical and analytical evaluations show the superior performance of the proposed technique in terms of reliability and spectral efficiency.
I. INTRODUCTION
Fifth generation (5G) of mobile communication technology is expected to support a wide variety of service requirements, such as high reliability and spectral efficiency in unmanned aerial vehicles (UAV) communications. However, in UAV, the mobility causes Doppler effect which leads to loss of orthogonality in orthogonal frequency division multiplexing (OFDM) [1] . The loss of orthogonality gets even worse in high speed UAV communications, where the speed can go up to hundreds km/h [2] . Consequently, a severe intercarrier interference (ICI) is created which degrades the reliability of the communications severely. Thus, in 5G applications such as high speed UAV, ICI problem needs to be solved.
ICI is the type of frequency distortion due to the interference of other subcarriers with the intended subcarrier [3] . Doppler effect (including Doppler spread and Doppler shift) and carrier frequency offset (CFO) are the main reasons of frequency distortion in frequency dispersive channels. ICI has been always a critical issue in multicarrier-based communications. In the literature, a significant effort has been done in order to overcome it. However, the available solutions have some drawbacks, such as high complexity, low spectral efficiency, and incompatibility with the current radio access technologies.
For instance, in recent surveys and researches, (e.g., [4] - [11] and their references), authors evaluate different types of ICI reduction techniques. However, they suffer from a multi step equalization which results in high complexity. The number of steps is even increased in high speed UAV communications.
Nakamura et al. [12] need to estimate the Doppler profile in OFDM reception to cancel the ICI. Besides the complexity of Doppler estimation, fast variation of speed causes to fast variation of Doppler in high speed UAV communications as well. It increases the complexity in high speed applications.
Recently, a technique based on fractional Fourier transform (FrFT)-OFDM was proposed in [13] , where authors found the near optimum angle of transform in FrFT-OFDM to minimize the bound of ICI power. Besides the complexity issues, angle of transform varies with Doppler severity and the angle approaches zero by increasing Doppler shift which leads to a single carrier transmission.
Another technique, in [14] , utilizes small subblock frequency domain equalizations (FDE) by exploiting a pseudo cyclic prefix (CP) technique instead of the real guard interval (GI) in each subblock. However, it requires more FDE steps in high speed communications. Additionally, the reliability of this method is not guaranteed properly due to subtraction of an estimated part from the received signal.
Vakilian et al. [15] , Jafriet al. [16] , and Wildet al. [17] propose to use filtered subcarrier blocks. They consider each block of subcarriers as a resource block (RB) which can be filtered for transmission. This approach restricts the ICI inside only one RB with the expense of filtering issues. However, ICI problem still exists severely inside that RB.
Utilizing large subcarrier-spacing for high speed users is another solution which is considered in [18] - [20] . However, by increasing the subcarrier-spacing, the symbol duration in the time domain is decreased. Therefore, the number of symbols in one transmission time interval is increased and a greater number of GI is required to prevent intersymbol interference (ISI). Thus, it decreases the spectral efficiency. In addition, using large subcarrier-spacing for high speed users and small subcarrier-spacing for low speed users leads to different symbol durations. It changes the synchronous transmission to an asynchronous transmission [20] . Consequently, handling the asynchronous communications has its own complex solutions (e.g., using filters to suppress the out of band emission of subcarriers to avoid interference between different users).
This paper presents a novel approach, called Low ICI Symbol boundary alignment numerology (LICIS), which reduces the ICI while preserving the spectral efficiency. Contrary to the presented techniques, LICIS does not need a high complex equalization technique or different waveform structure. It only manipulates the conventional symbol boundary alignment numerology to obtain a new symbol boundary alignment which achieves a superior performances. LICIS utilizes large subcarrier-spacing to reduce the ICI power.
In addition, this approach places only one GI at the end of a sequence of OFDM symbols and creates a sub-slot. Therefore, there is no GI between the OFDM symbols inside the sub-slot. It leads to less overhead and consequently preserves the spectral efficiency. Furthermore, a pre-FFT multipath channel equalizer is used to prevent the ISI inside a subslot as well. Only one additional FFT and IFFT operations are required for the equalizer which creates an acceptable complexity increment compared to the complexity of other presented solutions. Also, LICIS is based on the same reference clock as LTE which assures its compatibility with the current LTE numerology.
The rest of the paper is organized as follows. In Section II, the system model is explained. Section III evaluates the spectral efficiency of LICIS and the conventional numerologies analytically. In Section IV, the ICI distortion power of LICIS is derived analytically as well. Section V provides the numerical results and comparisons between the LICIS and the conventional symbol boundary alignment numerologies. Finally, Section VI concludes the paper and mentions some of the potentials of the proposed symbol boundary alignment design.
II. SYSTEM MODEL DESCRIPTION AND PROPERTIES
The Symbol boundary alignment has an important impact on the numerology design. The conventional LTE numerology, given in [21] , is considered as a reference to propose the LICIS for the 5G numerology. Therefore, in the following, first, an overview of the conventional LTE symbol boundary alignment and its numerology design is given briefly and then the LICIS is explained in integration with that. The complexity of the LICIS is evaluated at end of this section.
A. CONVENTIONAL SYMBOL BOUNDARY ALIGNMENT NUMEROLOGY Figure 1 shows the conventional LTE numerology, where the data is transmitted on the squeezed orthogonal subcarriers with the same unique subcarrier-spacing and symbol duration (including GI). Let f s and T denote the reference subcarrier-spacing and symbol duration without GI, respectively. Note that T is an integer number (in discrete domain) VOLUME 6, 2018 T where ω s is the null to null bandwidth (BW) of each Sinc-shaped subcarrier. Each OFDM symbol, constructed by K subcarriers in one RB, is transmitted in one sub-slot with duration of T + T GI where T GI denote the GI duration. K (= 12) subcarriers, with f s (= 15 kHz), build one RB and every 7 sub-slots, with normal GI length (∼ 4.7 µs), construct one slot (=0.5ms) [21] . Also, every two slots construct one transmission time interval (TTI=1 ms).
In the time and frequency dispersive channels, any small shifting of the orthogonal subcarriers, shown in Figure 1(c) , destroys the orthogonality of subcarriers and causes distortion as shown in Figure 6 (frequency distortion is explained in section II.B.3). Therefore, the conventional LTE numerology is highly sensitive to the Doppler shift in high speed UAV communications.
In order to overcome the ICI problem, it has been discussed to use different fixed numerologies for different services in a single framework [22] . Particularly, the proposal focuses on using different scaled factor of reference subcarrierspacing as
where the f q and ω q denote the large subcarrier-spacing of the Sinc-shaped subcarriers and their null to null BW, respectively. m is an integer number greater than 1 (N is the set of natural numbers) and q is the ratio of larger subcarrierspacing over the reference subcarrier-spacing. Equation (1) is the rule of thumb for the scaled subcarrier-spacing ( f q ) based on the reference subcarrier-spacing ( f s ). Figure 2 shows such a numerology. In fact, the larger f q results in smaller OFDM symbol duration (T q ) than coherence time (T c ). Therefore, the time-variant channel is changed to the time-invariant channel for the system. However, by increasing the number of symbols in the time domain, a greater number of GI is required and consequently spectral efficiency is decreased.
B. LOW ICI SYMBOL BOUNDARY ALIGNMENT NUMEROLOGY (LICIS)
Figures 3 and 4 show the concept of LICIS where the M OFDM symbols, with large subcarrier-spacing of f ρ , are inserted before one GI in a sub-slot. The sub-slot duration equals M T ρ + T GI . In LICIS, we have
where ω ρ denotes the null to null BW of Sinc-shaped subcarriers in LICIS. T ρ is the symbol duration corresponding to the f ρ and ρ is the ratio of large subcarrier-spacing of LICIS over the reference subcarrier-spacing. Utilizing larger subcarrier-spacing decreases the effect of ICI problem in a given BW. Additionally, the smaller number of GI guarantees the spectral efficiency. Equation (2) assures that LICIS is based on the same reference clock as LTE because the integer and fraction frequency synthesizers offer a simple circuital realization for synthesizing different frequencies based on the same common reference [20] , [23] . It results in the compatibility of the LICIS with the current LTE numerology. In LICIS, the orthogonality of the subcarriers is saved in the time-invariant channels properly as shown in Figure 3 (c). However, the multipath channel causes the ISI between the OFDM symbols in one sub-slot duration as shown in Figure 5 . The maximum delay spread of the channel, denoted by τ max , is assumed to be less than the GI duration. Thus, there is no interference between different sub-slots. In order to remove the ISI inside one sub-slot, a pre-FFT multipath channel equalizer is applied on the whole received sub-slot and therefore, the major effect of time dispersion of wireless multipath fading channel can be removed.
1) GUARD INTERVAL SELECTION
Choosing a suitable GI has an important impact on the numerology design as well. CP and zero-padding (ZP) are the two dominant types of GI in OFDM [24] . Each method has its own advantages and disadvantages. For instance, CP requires more power consumption than ZP. Also, unlike CP-OFDM, ZP-OFDM guarantees symbol recovery and assures FIR equalization of FIR channels regardless of the channel null locations [25] - [27] . However, ZP-OFDM requires more complex receiver. Muquet et al. [25] propose a technique called ZP-FAST equalizer which has an acceptable complexity at the receiver side. In this study, due to utilizing the pre-FFT equalizer which is derived from ZP-FAST equalizer, ZP is considered as the GI (the equalization is explained in section II.B.4). Additionally, by using the ZP, the duration of the loaded signal is MT ρ which is shorter than MT ρ + T GI in the CP-used signal. It results in less ripples in power spectrum density (PSD) of the transmitted signal in ZP-OFDM and achieves better spectral mask efficiency.
2) LICIS CONSTRUCTION
Letd µ denote a stream of independent and identically distributed (i.i.d.) data symbols with zero mean and variance of σ 2 d for the µ th user in the frequency domain. Similar to the conventional LTE numerology,d µ is divided into N RB sub-streams with length of K and denoted byd µ,N where N ∈ {1 , 2, · · · , N RB }. Therefore, the total number of used subcarriers equals R = K × N RB . Then, we havẽ
where (.) T represents transpose operation. The symbols of N th RB are inserted in the desired subcarriers by matrix B N . B N ∈ {0, 1} L×K is the mapping matrix for N th RB where
The transmitted signal for the N th RB denoted by X µ,N is expressed as
where ı denotes the ı th sub-slot with length of L + T GI including M OFDM symbols with subcarrier-spacing of f ρ and one GI. Matrix F in (4) is expressed as
where F −1 and O denote the IFFT and zero matrices, respectively. The indices at the bottom right of each matrix notation are the size of that square matrix meaning number of rows and columns. The last T GI rows insert zero samples as a ZP (GI) at the end of sub-slot. Eventually, the transmitted signal for the µ th user (utilizing R subcarriers in total) is derived as
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3) CHANNEL MODEL
The transmitted signal given in (6) passes through a time and frequency dispersive channel and reaches to the receiver. The received signal corresponding to the X µ is determined like in [13] 
where L, h ν , τ ν , f d ν , f δ , and w denote the number of paths, complex quantity of the time based channel impulse of ν th path, delay of ν th path, Doppler shift of the ν th path, CFO of the system, and zero mean additive white Gaussian noise (AWGN) with the variance of σ 2 n , respectively. If we translate (7) into a matrix form for the ı th received sub-slot, we have
where H ı represents the T ı × T ı matrix of time and frequency dispersive channel for the ı th sub-slot. H ı is a contribution of H ı , D ı , and C ı representing the multipath channel, Doppler shift and CFO matrices, respectively. 
It is worth noting that during one sub-slot of signal transmission and without the Doppler effect, the multipath channel impulse response is assumed to be fixed. It means that the power delay profile (PDP) of the multipath channel for X ı µ is fixed. This assumption is mandatory for circularity assumption of the multipath channel within duration of ı th sub-slot (T ı ) in the absence of the Doppler effect. In other words, the frequency dispersive channel is caused only by the Doppler effect. Therefore, we have
Regarding to the first L columns of H ı , the submatrix H d is a Toeplitz matrix (L full-rank matrix) and is always guaranteed to be invertible, which assures symbol recovery regardless of the channel zero locations [25] - [27] . It is worth noting that H d is multiplied by the non-zero part of the X ı µ while H zp is multiplied by the zero portion of X ı µ and the result equals zero. Therefore, the circularity assumption of the multipath channel is obtained as
where H ı c is a circularized matrix form of h vector when
where V µ , V s , f k , and θ ν represent the relative velocity, RF velocity, bandpass frequency of k th subcarrier and path angle, respectively. It is worth noting that the Doppler effect is a combination of Doppler shift and Doppler spread. However, in high speed UAV communications, increasing the V µ causes to have larger Doppler shift than Doppler spread. Figure 6 illustrates the effect of Doppler shift over OFDM subcarriers [28] . Additionally, we assume an unknown V µ which varies in a real environment. Thus, there are different Doppler shifts at each time instance due to the variation of V µ . In other words, for ν th path, Doppler shift can be different at each time instances. Therefore, the total number of Doppler shifts which exist in one sub-slot is set as Z. Then based on (8) and (9), we have 
where = e −j2π . Based on (8), (9) , and (12), matrix D ı can be written as D ı = H ı † H ı C ı −1 where (.) † represents pseudoinverse operation. Matrix C ı in (8) is defined as the diagonal CFO matrix affecting all subcarriers equally. The entries on the diagonal of matrix C ı are assumed as the average frequency offset of the transceiver and are defined based on f s = 1 T as follows:
where f δ is a fraction of reference subcarrier-spacing of f s . Finally, the channel can be modeled as
Substituting (10) into the (14) results in H ı = H ı c D ı C ı and the received signal at (8) can be re-expressed as Figure 7 shows the data block diagram of the LICIS using zero forcing (ZF) equalizer. Y ı µ , defined in (15) , is the received vector which goes through a FFT block. The FFTsize of this FFT block equals the length of ı th sub-slot (T ı ). Note that the multipath channel state information is assumed to be available at the receiver side. Then, similar to the case of ZP-FAST, studied in [25] , for M OFDM symbols in one sub-slot, we have
4) DATA RECOVERY IN LICIS
where D ı h is the T ı ×T ı diagonal matrix of frequency response of the multipath channel. In the frequency domain, the major effect of multipath channel is removed by a FDE (ZF equalization is done in the frequency domain), and then an IFFT transforms the signal into the time domain again
This is the process of the pre-FFT multipath equalizer in LICIS. It is worth noting that this pre-FFT multipath equalizer is applied on M OFDM symbols. Also, by assuming that Doppler shifts and CFO are unknown, the result of D ı C ı is set as an identity matrix 1 (I T ı ). So, we have
Finally, the recovered data is achieved aŝ
whered ı µ is the estimated data symbol stream in ı th sub-slot for the µ th user. Note that the result of F † V ı is a L full-rank matrix. It guarantees the ZF symbol recovery, regardless of the channel nulls (like in [25] ).
In order to avoid noise enhancement in ZF equalizer, a LMSE estimation can be deployed aŝ
where (.) H represents conjugate transpose operation. The estimated data symbol stream in conventional LTE numerology with ZF and LMSE equalizers are given in Appendix (31) and (32), respectively. It is evident that the LMSE estimation is more complex than ZF equalization.
C. COMPLEXITY ANALYSIS
Relaxing the constraint of unique subcarrier-spacing for the 5G numerology design has not been standardized yet. However, an extensive discussion, in [19] , [20] , and [29] , has been done to prove that it is a low complex candidate among the presented solutions for reducing ICI. The main disadvantage of using large subcarrier-spacing is its spectral inefficiency. Furthermore, using the large subcarrier-spacing only for high speed users and small subcarrier-spacing for low speed users leads to different symbol durations. It changes the synchronous transmission to an asynchronous transmission. It is evident that handling the asynchronous communications has its own complex solutions (e.g., filtering each user-RB like in [15] ). Regarding to these issues, LICIS provides an opportunity to use the large subcarrier-spacing transmission in a sub-slot duration for both high and low speed users without losing spectral efficiency. In other words, the proposed approach facilitates the synchronous transmission for high and low speed users. The only complexity increment of the LICIS, compared to the conventional LTE numerology, is an additional FFT and IFFT operations for the equalizer. They are the F T ı and F −1 T ı matrices given in (17) . It is worth noting that the block of F is as complex as one IFFT block with the size of L in the conventional LTE numerology. Therefore, it does not increase the complexity of the system. Table I shows the fair complexity comparison in terms of FFT and IFFT blocks in the transceivers of conventional LTE numerology and LICIS. Moreover, in case of channel estimation, the same multipath channel estimation as conventional LTE numerology is required because the Doppler shift is not estimated in LICIS and multipath channel in absence of Doppler effect is assumed to be fixed during a sub-slot duration. 
III. SPECTRAL EFFICIENCY ANALYSIS
In the case of spectral efficiency evaluation, the number of data bits, transmitted in the time domain, is considered as a metric called data bit density (like in [30] ). The data bit density of three different scenarios are compared analytically as follows:
1 Conventional numerology with reference subcarrierspacing ( f s ) (e.g., Figure 1 ) 2 Conventional numerology with large subcarrier-spacing ( f q ) (e.g., Figure 2 ) 3 LICIS with subcarrier-spacing of f ρ (e.g., Figure 3 ) The same GI duration is considered in all three scenarios. It is a fraction of T where T GI = T κ , κ ∈ {N > 1}. The given BW is fixed for all the scenarios as well.
In scenario 1, the data symbols of one RB are transmitted in sub-slot duration of T + T GI . Thus, data bit density, denoted by η 1 , is as follows
where denotes the modulation order of the symbols. In scenario 2, the data symbols of one RB are transmitted in subslot duration of T q + T GI . Therefore, we have
Finally for the LICIS, the data symbols of one RB are transmitted in sub-slot duration of M T ρ +T GI which leads to have
Increasing f q in scenario 2 causes to decrease the symbol transmission duration. Thus, scenario 2 requires more GI than scenario 1 in a certain time period. Therefore, it is obvious that η 1 > η 2 . The data symbol density of LICIS depends on M . Moreover, M depends on the period of time while the multipath channel is fixed, in absence of the Doppler effect, because the circularity assumption of the multipath channel in (10) is required to be satisfied during one sub-slot duration. Thus, we have
In conventional numerologies, the multipath channel is fixed for a one sub-slot duration (T + T GI ) in absence of the Doppler effect. It supports the circularity assumption of the multipath channel. Therefore, in the same environmental condition for LICIS and same multipath channel estimation complexity, we can guarantee the circularity assumption of the multipath channel in period of T + T GI . It happens where M = ρ ⇒ T = ρ T ρ ρ . Therefore, based on (24), the spectral efficiency is preserved where M = ρ.
IV. ICI DISTORTION EXPRESSION
In this part, the ICI distortion powers, in conventional LTE numerology and LICIS, are compared analytically. One RB of the conventional LTE numerology with subcarrier-spacing of f s in a frequency dispersive channel is considered. The ICI power, which affects the ζ th subcarrier in the RB, is given in [31] as
For the ICI power in LICIS model, (6) is rewritten as follows
where a r denotes the r th data symbol in the frequency domain and . is a floor function. Then similar to (25) for conventional LTE numerology, the following ICI power affecting the ζ th subcarrier in one RB is obtained for X ı µ in LICIS:
The ICI power in (27) is affected by less number of subcarriers ( K ρ ) along with the smaller multiplier (T ρ ) compared to the ICI power in (25) for LTE numerology with K subcarriers and multiplier T . Therefore, the less ICI power affects the subcarriers in LICIS and consequently better reliability is expected to be obtained.
V. NUMERICAL RESULTS
In the simulations, we compare our proposed numerology design with the conventional LTE numerology. Comparisons include: a) symbol error rate (SER) performance in high speed UAV communications, b) spectral efficiency performance, c) average error vector magnitude (EVM) distribution over the subcarriers, and finally d) ICI power versus normalized Doppler shift.
In all of the simulations with sample duration of t s = 0.52 µs, the following parameters are considered: f s = 15 kHz, M = ρ, L = 128, K = 12, N RB = 6, T GI = 16t s µs, and τ max = 16t s µs. The multipath Rayleigh fading channel is simulated as exponentially decaying power delay profile (PDP) like in Figure 8 with τ rms = 10t s µs. The CFO of the system is set as f δ = 200 Hz. The radio frequency transmission band is considered at 1 GHz.
A. SYMBOL ERROR RATE PERFORMANCE
In order to show the SER performance of the LICIS in a high speed UAV communications scenario, two different user speeds are considered as 200 km/h and 500 km/h. The maximum Doppler shift equals 1050 Hz and 2850 Hz, respectively. The Doppler shift for each subcarrier is a fraction of reference subcarrier-spacing ( f s = 15 kHz). The ratio of frequency shift over subcarrier-spacing is defined as the normalized Doppler shift. Figure 9 depicts the SER performance of LICIS for different subcarrier-spacings compared to the conventional LTE numerology where the user speed is 200 km/h. By going toward the higher speed communications, the better understanding of SER performance improvement of the LICIS can be concluded as shown in Figure 10 . LICIS with the subcarrier-spacing of f ρ = 120 kHz gains a remarkable performance improvement compared to the conventional LTE numerology with ZF equalizer. Indeed, this is obtained by utilizing 8 times larger subcarrier-spacing than the reference subcarrier-spacing. Figure 11 compares the spectral efficiency of the LICIS and conventional LTE numerology in the high speed UAV communications where the user speed is V µ = 500 km/h. The 4-QAM modulation is used in this simulation and consequently = 4. The LICIS, with f ρ = 120 kHz, outperforms the conventional LTE numerology around 10% in high SNRs. The superior improvement of the spectral efficiency in LICIS compared to the conventional LTE numerology is observed in Figure 12 where the higher QAM modulation order such as 64-QAM is used ( = 64). It is worth noting that the conventional LTE numerology with 64-QAM even has worse spectral efficiency performance than 4-QAM in UAV communications with speed of V µ = 500 km/h. It happens due to the high sensitivity of conventional LTE symbol boundary alignment numerology to the severe Doppler shifts. 
B. SPECTRAL EFFICIENCY EVALUATION

C. AVERAGE ERROR VECTOR MAGNITUDE DISTRIBUTION
In order to see how the subcarriers are located and how ICI problem affects the EVM, the average EVM for each subcarrier is given in Figure 13 where V µ = 500 km/h. As shown in this figure, in the conventional LTE numerology, subcarriers have small subcarrier-spacing ( f s = 15kHz) but there are more subcarriers in a given BW. By going toward the LICIS and increasing subcarrier-spacing ( f ρ ) the number of subcarriers decreases in the BW. As a result, the EVM due to the ICI on each subcarrier decreases remarkably. Furthermore, the less subcarriers leads to have less peak to average power ratio which is an advantage in power amplifier selection as well. Figure 14 confirms the accuracy of the LICIS analysis where the analytical ICI power for one subcarrier closely agrees with the simulation results. It illustrates the variation of ICI power for one subcarrier versus the normalized Doppler shift. It is evident that by increasing the normalized Doppler shift, the ICI power increases. However, the increment of the ICI power in LICIS with f ρ = 120 kHz is outstandingly (around 18 dB) less than the conventional LTE numerology.
D. ICI POWER VERSUS NORMALIZED DOPPLER SHIFT
VI. CONCLUSIONS
In this work, a novel symbol boundary alignment with respect to OFDM waveform is proposed to reduce the ICI while preserving the spectral efficiency. The analytical forms of the ICI power and spectral efficiency are derived and closely match with the simulation results in the time-frequency dispersive channel. e.g., around 18 dB ICI power reduction along with the 10% spectral efficiency enhancement compared to the conventional LTE numerology is achieved with subcarrierspacing of 120 kHz and 4-QAM modulation in high speed UAV communications. Furthermore, the complexity increment of LICIS is compared to the conventional LTE system and results in an acceptable complexity increment compared to that of already existing solutions. Additionally, it is in compatibility with the current radio access numerologies. Other potential advantage of LICIS is that it utilizes less subcarriers in a given BW compared to the conventional LTE numerology leading to a lower peak to average power ratio and consequently requires less complex power amplifiers as well. In general, the LICIS is a spectral efficient solution with a reasonable complexity increment for the ICI problem in high speed UAV communications. Moreover, LICIS can be utilized in other high speed applications as well, such as high speed train communications.
APPENDIX DATA RECOVERY IN CONVENTIONAL LTE NUMEROLOGY
In Conventional LTE numerology the ı th stream of modulated data symbols related to the µ th user (d ı µ ) are inserted in the desired subcarriers by matrix P and then go through an IFFT with IFFT-size of L. The OFDM symbol is modeled as
Then CP is appended to avoid ISI. This CP also leads to circularity assumption of the multipath channel as it is explained in [25] . After passing through the channel like in (8) and at the receiver side, the CP is removed from the received signal. The remained signal is
Note that the multipath, Doppler and CFO matrices in (15) are T ı × T ı square matrices. However, they are changed to L × L square matrices in (29) because CP is removed and consequently the length of the signal is decreased. The length of the noise vector W ı in (8) 
Then, the estimated data with ZF equalizer iŝ
To avoid the noise enhancement in ZF equalizer, the LMSE equalizer can be deployed. Then, we havễ
